Object. The aim of this paper was to validate the diffusion tensor imaging (DTI) model for delineation of the corticospinal tract using cortical and subcortical white matter electrical stimulation for the location of functional motor pathways.
D
iffusion tensor imaging (DTI) is the only MRI technique able to noninvasively localize subcortical white matter pathways in the brain in vivo. 1 This technique has recently been included in the presurgical workup to aid in mapping functional fiber pathways and prevent surgical damage. 5, 6, 10, 16, 22, 25, 28, 29 Brain tumors can dislocate, infiltrate, or destroy the normal course and arrangement of white matter fiber tracts. In all of these conditions, the diffusion signal is altered, and the accuracy and sensitivity of the fiber tracking technique decrease. 32 There is no real gold standard with which to establish the true patterns of the fibers' course and, in the literature, there is little direct evidence supporting the validity of the fiber tracking method in the human brain.
Fiber tracking relies on algorithms for diffusion parameter estimation and tract reconstruction. The DTI algorithms are typically performed by integrating along the voxel-wise principal diffusion directions constrained by fractional anisotropy (FA) and angle thresholds. 26, 27 Standard thresholds may be too high to enable tracking into areas within or around lesions characterized by a low FA. 3, 23, 33 Recently, probabilistic fiber tracking algorithms have been introduced that take into account the uncertainty in the diffusion data and quantify tract probabilities over Quantifying accuracy and precision of diffusion MR tractography of the corticospinal tract in brain tumors the distribution of possible orientations. 2, 31 Probability density functions (PDFs) are constructed on local fiber trajectories by voxel-wise diffusion modeling that accounts for noise and signal ambiguity. In this way, fibers can be traced into areas of ambiguous or even undetermined principal diffusion directions with very low FA values. A recent approach introduced for probabilistic DTI tractography is a nonparametric statistical technique based on data resampling called the bootstrap. 12 A model-based resampling approach called residual bootstrap is able to estimate uncertainties with higher accuracy compared with the other bootstrap methods such as the repetition bootstrap. 9 Repetition bootstrap has previously been used to provide nonparametric quantification of the uncertainty in the inferred fiber orientation information obtained using the diffusion tensor. This approach requires repeated acquisitions of the diffusion data to ensure that derived distributions of the tensor indices are precise. 30 This is impractical for clinical applications because it requires long imaging times. Model-based resampling methods such as the wild and residual bootstrapping approaches require only a single image data set to estimate the uncertainty, based on regression residuals. [7] [8] [9] Recent studies have shown that the model-based residual bootstrapping methods significantly reduce bias and can provide a more precise estimate of uncertainty compared with the wild bootstrapping. 8, 9, 14, 37 Intraoperative electrical stimulation (IES) can be used to determine the accuracy of fiber tracking algorithms. It can also determine the algorithms' sensitivity, but the specificity remains difficult to assess. To provide a quantitative approach to the neurosurgical planning, it is very important to take into account several effects including the fiber tractography technique, the neuronavigation system, the brain shift that causes a spatial discrepancy of the information about the location of the actual fiber bundles, and the spread of the current from intraoperative stimulation that could limit the utility of the DTI during the surgery. Despite these limitations, previous studies have shown that deterministic DTI fiber tracking is capable of predicting the location of positive intraoperative stimulation with high precision and at an offset of about 1 cm. 5 Therefore, during surgery IES mapping will tend to find positive stimulations at about 10 ± 3 mm from the preoperatively defined fiber tracts. However, DTI deterministic fiber tracking may also suffer from the failure to predict a portion of the motor pathways. Probabilistic fiber tracking may improve on the performance of deterministic DTI fiber tracking by improving the precision, decreasing the offset to the positive stimulation, and delineating more of the existing motor pathways.
In this work, we provide additional data on the validity of deterministic DTI fiber tracking for utility in brain tumor patients and evaluate the possible improvements provided by probabilistic DTI fiber tracking in the same subjects. Intraoperative white matter and cortical electrical stimulation were used as the gold standard for evaluating the accuracy, predictive power, and sensitivity of deterministic and probabilistic residual bootstrap DTI algorithms with varying seed density and regions of interest (ROIs) for preoperative tractography of the pyramidal fiber tract. Although we could not provide exact measures of specificity (absence of a test for false positives), we explore this issue via a novel null tracking algorithm to evaluate the potential that the apparent connection was due to random chance.
Methods

Magnetic Resonance Imaging
Magnetic resonance images were acquired using a 1.5-T Signa scanner (General Electric Medical Systems) in 21 patients (12 males and 9 females, mean age 42 years) who underwent craniotomies for resection of cerebral gliomas. Diffusion tensor imaging was performed using a single-shot spin-echo echo-planar imaging pulse sequence with a diffusion sensitization (b = 1000 seconds/ mm 2 , TR 10,000 msec, TE 100 msec, slice thickness between 2 and 2.3 mm, no gap between slices, voxel volume between 4.5 and 9 mm 3 , and an average acquisition of 6 ± 1.5 to improve the signal-to-noise ratio [SNR] ). Six diffusion sensitizing gradient directions and 1 image set without diffusion weighting (b = 0 second/mm 2 ) were obtained. Acquisition coverage extended from the cerebral peduncle to the brain vertex. High-resolution T2-weighted and postcontrast T1-weighted anatomical MR images were also acquired for use with the stereotactic surgical navigation system. The T2-weighted images were acquired using an axial fast spin echo (FSE) pulse sequence as follows: TR 3 seconds, TE 105 msec, field of view 260 × 195 mm, matrix 256 × 192, and voxel size 1.02 × 1.02 × 1.5 mm with no gap between slices. The T1-weighted images were acquired with a spoiled gradient recalled (SPGR) sequence as follows: TR 34 msec, TE 3 msec, field of view 260 × 195 mm, matrix 256 × 192, and voxel size 1.02 × 1.02 × 1.5 mm with no gap between slices. The FSE and SPGR acquisition coverage included the entire head and the fiducial markers attached to the head.
The DTI b = 0 echo planar volumes were registered to the FSE and SPGR image volume using a 3D affine 12-parameter model fit. The registration between the echo planar volume and high-resolution anatomical volumes was visually checked with reference to the sulci, ventricles, and brain borders in the cerebrum.
As a general assessment we evaluated the SNR in white matter derived from the b0 volume for each subject, and we calculated its means across the group of subjects. The SNR for each subject was calculated by dividing the mean signal from a 100-pixel ROI drawn on an axial slice in the centrum semiovale by the standard deviation of the noise in a 100-pixel ROI in the background, in a region far from artifacts. 19 
Intraoperative Electrical Stimulations
The surgeon performed intraoperative electrical subcortical white matter and cortical stimulation of motor neurons during the surgical procedure with a 5-mm-wide bipolar electrode producing a 60-Hz square wave with amplitude between 8 and 12 mA. 4 White matter and cortical points that elicited a motor response were stereotactically identified on the anatomical images. The motor responses in muscle groups in the extremities were moni-tored through electromyographic recordings. 36 We defined the stimulation points from the screen shots of the anatomical images in the StealthStation stereotactic surgical navigation system (Medtronic Inc.).
Fiber Tracking
Diffusion MRI fiber tracts of the pyramidal tract were generated postoperatively in these patients using 2 different algorithms: the deterministic based on the Fiber Assignment by Continuous Tracking (FACT) method and the probabilistic residual bootstrap DTI technique. 9, 26 Briefly, for the deterministic fiber tracking method, from the starting point the algorithm calculates a 3D trajectory in continuous space running parallel to the principal eigenvector. At each voxel, the fiber tract's direction is modified to follow the new voxel's primary eigenvector. The algorithm continues until it reaches a voxel with a value of FA less than 0.15, or turns an angle greater than 60°. This process was repeated with varying seeding density from 3 to 13 (odd numbers); the seed density number n refers to an isotropic grid of n × n × n seed points or n 3 points within each voxel of the starting region.
The residual bootstrap DTI method was applied to a single diffusion-weighted data set to estimate the uncertainty of the principal eigenvectors in terms of a probability density function (PDF) for each voxel. Starting regions were densely seeded with 3 3 to 13 3 (odd densities only) starting points equally spaced throughout each voxel. Fiber trajectories passing through a voxel were propagated by random sampling from the PDF of the principal eigenvector. The same process was repeated for the next voxel until it reached a voxel with a value of FA less than 0.15 (on a scale of 0-1) or turns an angle greater than 60°.
Pairs of regions were used to delineate the motor pathways by requiring the found streamlines to pass through both regions. For comparison with the subcortical white matter stimulation points, fiber tracts were defined by regions of interest in the cerebral peduncle and primary motor area based on anatomical boundaries. This is the process normally followed for preoperative definition of motor pathways. For evaluation of the sensitivity of the fiber tracking methods, the anatomically defined ROI in the cerebral peduncle was combined with ROIs in the motor cortex defined from the intraoperative cortical motor stimulations. For fiber tracking we created a cube of 1 cm 3 centered in the coordinates of the stimulation points to take into account the brain shift that can occur during resection. We used alternatively both the cerebral peduncle and precentral gyrus (or the IES site in the precentral gyrus) as seed regions.
We used the white matter and cortical IES sites to quantitatively assess the performance of the deterministic and probabilistic DTI algorithms. The accuracy and precision of the fiber tract courses within the white matter were assessed by measuring the distances between the stimulation sites and the closest border of the DTI fiber tracts. The ability of the algorithms to predict known functional pathways (sensitivity or true positive rate) was assessed by delineating pathways between the cerebral peduncle and the cortical IES sites.
The tracking programs were written in Interactive Data Language (Exelis Visual Information Solutions). The algorithm was run on a Sun Blade 2500 with dual 1.3-GHz processors (Sun Microsystems).
ANNull Tracking
Randomly connected regions may contribute toward greater sensitivity for probabilistic compared with deterministic algorithms and hence provide a false sense of improved performance. To evaluate the potential that tracts were due to purely random chance, we performed a novel null tracking method for all the tracts connected to the cortical stimulation points. Compared with other null tracking methods, our method is based on the architectural neighborhood null (ANNull) and is motivated by the idea that the rate of generating randomly connected regions will be determined by the fiber architectural neighborhood of the tract of interest. This method does not take the noise magnitude into account and therefore only provides the potential for randomly generating connections.
The rate at which random connections occur in a given tracking experiment is described by a simple model. After tractography from a seed region, we have a number (N) of streamlines for each seed point of the region. Let Nc be the number of connected streamlines obtained from the seed point; the hypothetically true connected streamlines is given by Nt = aNc and is assumed to be proportional to the number of connected seed points; Nr is the number of randomly connected streamlines to the target and is also assumed proportional to the number of connected seeded trajectories so that Nr = RNc; R is the random rate; and the rate of true connections is a = 1 -R.
In a second experiment the random rate R can be determined if all connected streamlines are known to be random so that for seeding with the previously known Nc seeds yields Nc2 connected streamlines, then R = Nc2/ Nc. Hence the rate of true connections can be determined by a = 1 -R = (Nc -Nc2)/Nc.
The ANNull algorithm is used to estimate the potential value of R as follows. After performing the first tracking, we permuted the tensor in each voxel in plane along the tract obtained and we performed another tracking. We repeated the same process 60 times for each tract and for all the different density seeding reporting the number of streamlines. This algorithm simulates the condition that the noise is sufficient to propagate to the wrong nearest neighbor. Nc2 was approximated by the average over the 60 permuted trials. We considered robustly connected tracts those for which the number of potentially random fibers connected (Nc2) was smaller than the number obtained without doing the permutation (Nc) so that a > 0.
Statistical Analysis
A statistical analysis was performed to evaluate the effects of the algorithm (probabilistic vs deterministic); the seed region (cerebral peduncles vs precentral gyrus); and the seed density on the sensitivity, accuracy, and precision of the DTI tracts.
For the white matter stimulation points we measured the mean and the standard deviation of the distances from all IES points as a function of seed density, seed ROI, and location from the white matter stimulation point (to the edge and to the center of mass of the tract that connects the cerebral peduncle and the motor area relative to the area in consideration). We performed the statistical analysis both for the mean and the standard deviation by location (edge and center of mass) and by seed ROI (cerebral peduncle and motor area) with method as a factor.
For the cortical stimulation points we defined a connected tract (connectivity = 1) if the number of streamlines was more than 0; otherwise, connectivity = 0. We performed a chi-square test of the connectivity with algorithm (deterministic, probabilistic), ROI (cerebral peduncle and cortical IES), dense seeding (3-13), and region (hand, upper extremity, face/mouth) as factors.
Results
A total of 51 motor stimulation points were identified. These included 16 subcortical motor simulation points (4 face/mouth, 5 upper extremity, 3 hand and fingers, and 4 lower extremity) and 35 cortical motor stimulations points (10 hand and fingers, 6 upper extremity, 19 face/ mouth). The characteristics of the brain tumors and their relationship with the motor region is reported in Table 1 .
White Matter Stimulation
The 16 white matter stimulation points were associated with the nearest DTI fiber tract. In all cases, the nearest DTI fiber tract reflected the functional area stimulated. For example, hand motor white matter stimulation was nearest to a pathway delineated from the anatomically defined hand motor cortex to the cerebral peduncle. A statistically significant difference was found between the deterministic and probabilistic DTI fiber tracking methods in assessing the distance between the edge of DTI tracts and the white matter stimulation sites with the seed ROI as the cerebral peduncle. The probabilistic method delineated tract significantly closer to the stimulation points (mean distance 6.5 ± 2.9 mm) compared with the deterministic method (mean distance 7.2 ± 3.7 mm) (p = 0.02) (Fig. 1) . No significant differences were found for seeding from the motor cortex using tract reference location as edge or center of mass.
Cortical Stimulation
We found a significant difference in sensitivity for the 2 algorithms (deterministic vs probabilistic) (p < 0.0001) with 29% of tracts detected with the deterministic method and 52% of the tracts detected with the probabilistic method. An example of successful probabilistic DTI tracking in a patient is shown in Fig. 2 . After the null tracking correction, that is, a lower limit estimate correcting for potential random connections, we still had a significant association between the sensitivity and the algorithm (p < 0.000) with 20% of the tracts detected for the deterministic method and 36% for the probabilistic method. In Table 2 we report the percentage of connections found for each motor region over the total of the connections per region before and after the ANNulled estimates, for deterministic and probabilistic methods. ANNulled estimates represent a lower limit because of potential random connections. There was a trend for increasing sensitivity with increasing seeding density up to a seeding density of 7. However, for seeding in the cerebral peduncle, the ANNulled estimates were largely independent of seed density and consistently matched the sensitivity values found with the lowest seed density without correction (Fig. 3) . When seeding from the IES, however, there was less impact of the ANNulled procedure on sensitivity, as is evident in Fig. 4 .
We show the percentage of known connections found for tracking from the cerebral peduncle (Fig. 3 ) and the IES (Fig. 4) 
Discussion
The present study provides a rare assessment of the performance of diffusion MRI (dMRI) fiber tracking for the corticospinal tract. Furthermore, these results directly measure the impact of the choice of algorithm and diffusion modeling on the application of this method for fiber tracking in patients with brain tumors. In short, we demonstrate that the DTI model has poor sensitivity to estimate the full extent of the corticospinal tract, but the use of probabilistic algorithms does improve the sensitivity (Fig. 2) . We also show that at a coarse level, the DTI fiber tracking does provide accurate estimates of the white matter course of the corticospinal tract even in the presence of brain tumors.
Accuracy and Reliability of DTI Fiber Tracking
Without true gold standards it has been difficult to obtain realistic measures of the performance of dMRI fiber tracking for in vivo imaging in normal and pathological conditions. There are almost no studies to date that estimate the accuracy of dMRI fiber tracking and rare attempts at determination of reliability in vivo, especially in the presence of pathology. Simulation studies provide some level of understanding of the dependencies on acquisition schemes, diffusion modeling, and algorithms but cannot provide estimates in realistic in vivo cases. Furthermore, the performance of dMRI fiber tracking in terms of accuracy and reliability depends strongly on the specific pathways under consideration and cannot be decided from general arguments. Factors that influence performance include the acquisition scheme (SNR, resolution, number of unique diffusion sensitizing directions, diffusion weighting, and other factors that affect the image distortion and motion artifacts), diffusion model (such as DTI, QBall, diffusion spectrum imaging, and spherical deconvolution), and algorithm/approach (deterministic and stochastic streamlines, nonstreamline approaches, and global fiber tracking). Here we have used intraoperative stimulation data to provide estimates of the accuracy and sensitivity of DTI modeling with deterministic and probabilistic algorithms for the delineation of the corticospinal tract in patients with brain tumors.
Although intraoperative stimulation may not accurately represent the preoperative conditions, it remains the clinical gold standard method. The distance measurements performed in this study include all inherent errors between the stimulation point observed in the neuronavigation system and the real point stimulated. These errors are due to different phenomena that occur during the resection such as brain shift, electrical current, and stereotactic localization errors.
The acquisition scheme used included 6 ± 1.5 averages of 6 unique diffusion-weighted directions at b = 1000 seconds/mm 2 with an SNR of 31 ± 9 on the minimally diffusion-weighted image (± SD). Simulation studies suggest that the SNR is the strongest determinant of reliability, with the number of unique diffusion-weighted directions also playing an important role. 18 For this combination of SNR and number of directions, the theoretical reliability is very good on the estimates of the diffusion principal directions given the FA of our voxels between 0.4 and 0.6 in the corticospinal tract. In practice, the lower-limb portion of the corticospinal tract can be estimated with 100% reliability using such data in vivo since this pathway has limited detrimental influence from crossing fiber populations. Our results using cortical stimulation points demonstrate the poor sensitivity of the diffusion model to delineate the lateral pathways of the corticospinal tract in these brain tumor patients. While this is improved with the probabilistic streamline algorithm, the sensitivity remains low. Due to tissue shift and electrical current penetration effects, the current study is not a perfect test of the white matter course of the DTI streamlines to estimate the corticospinal tract. Nonetheless, we find that the nearest streamlines (offset typically less than 1 cm away) do correspond to functional intraoperative cortical homunculi. This offset is expected but does not eliminate the possibility that nearer axonal bundles that follow the same general course were not delineated by the DTI fiber tracking.
Algorithmic factors that affect the DTI fiber tracking results in addition to probabilistic versus deterministic algorithms include seed density and location, choice of anatomical constraints, and stopping constraints. In this study we used anatomical constraints in the cerebral peduncle and motor cortices since these are the well-known limits of the corticospinal tract in the brain. Using these anatomical constraints seems to provide specific delineation of the corticospinal tract as indicated by this study. Most brain tumors occur in the subcortical white matter and therefore it is typically easy to define an ROI in the cerebral peduncle, while sometimes the motor cortex may be distorted from its normal appearance due to the lesion mass effect. No influence of seeding strategy (cerebral peduncle vs motor cortex) was found in this study. Multiple seeds were placed for streamlines, and the number of seeds was evaluated for its impact on reliability/sensitivity. The reliability was seen to improve up to a seed density of 7 3 . The FA threshold represents an essential parameter for termination of the tracking procedure; another approach is to use a mask of the white matter or brain tissue. In a recent work, it was shown that the distance of the reconstructed fiber bundles to the pathological signal change increases with higher FA threshold. 33 We chose a low FA threshold to be sure to reconstruct the fibers also in cases of tumor infiltration and edema. However, in these regions the propagation directions are relatively Fig. 1 . Representation of the distance from the edge of the reconstructed corticospinal tract and the white matter subcortical stimulation for the deterministic (left) and probabilistic (right) DTI in 1 subject. As shown in the figure, the reconstructed tract with the probabilistic method is larger than the deterministic tract, so it is closer to the subcortical stimulation point. unreliable with a large variance. Probabilistic approaches are better able to handle voxels with unreliable estimates of the true propagation direction since the deterministic approach will only use a single estimate that is likely to be unduly affected by noise and biased compared with the true direction and will therefore have diminished capability to delineate these pathways. However, there could also be increased apparent ability to delineate fiber pathways with the probabilistic method due to random connections between voxels. The ANNull tracking method provides an estimate of the degree to which random connections may influence the results of fiber tracking, and even for this estimate, the probabilistic approach still yielded improved sensitivity over the deterministic approach. The ANNull approach differs from previous null tracking methods in that it explicitly investigates the degree to which the neighboring architecture can influence random connections. This is an important element since a fiber pathway that is bounded by orthogonal pathways is unlikely to produce a randomly generated pathway that jumps from the true to orthogonal to true pathway. However, a pathway that has similarly oriented pathways at its boundary is very likely to produce erroneous pathways that jump between bundles and lead to false connectivity.
The choice of the threshold could also influence the representation of the size bundle. Electrical stimulation sometimes evokes responses more than 0.5-1 cm away from the estimated tract. 5, 25 A recent study reduced such mismatches to less than 5% of the cases by lowering the FA threshold for streamline, 3 but that simply expands the tracts within the same deterministic estimation. It is reasonable to assume that the probabilistic DTI reconstruction could have an effect to expand the size of the tract, but in the subcortical analysis we showed that the mean distance from the edge was significantly closer only from the cerebral peduncle, and the standard deviation was smaller than the deterministic method, and we did not find any difference in any other case. Moreover, it is well known that tractography underestimates fiber bundle size. 21 In that work the authors attempted a preliminary validation of the deterministic tractography and concluded that while tractography can visualize the direction of the fibers, it is less informative with respect to the actual size of the fiber bundle. Therefore, there is an underestimation of the fiber bundle that has to be taken under consideration. The improved matching of probabilistic DTI streamlines to intraoperative mapping may represent better fiber bundle size estimates or an overestimation of the bundle size that effectively cancels some of the expected offset from the stimulation point to the preoperative streamlines.
Implications for Mapping the Corticospinal Tract in Brain Tumor Patients
Brain tumors can involve eloquent areas in both the cortex and subcortical white matter tracts. Knowledge of the location of these eloquent tissues impacts both surgical morbidity and efficacy; precise knowledge of the locations of these eloquent tissues allows for aggressive resection of tumor that has been shown to be the most effective treatment. The clinical gold standard for localization of eloquent tissue is IES. However, this mapping process is laborious and can be improved with in vivo noninvasive preoperative mapping. Several technical advances have been proposed to preoperatively map functional eloquent cortex (for example, functional MRI and magnetoencephalography), but only dMRI currently provides a means to visualize the course of white matter fiber tracts. Recently, DTI-based fiber tractography has been shown to be very useful in visualizing in vivo white matter bundles during neurosurgical planning. 5, 6, 11, 16, 17, 25, 34, 35 Although powerful due to its unique capability for delineation of white matter bundles, DTI has several known limitations in terms of accuracy and precision, and its use, particularly in brain tumor patients in whom the normal architecture is distorted, must be approached with caution. Although several studies have emphasized its clinical usefulness, few studies have attempted validation of tractography in the context of predicting eloquent pathways for neurosurgery, and optimization of dMRI algorithms for preoperative fiber tracking remains unexplored. 10, 24 The results reported here represent one of the few attempts at such validation and optimization of preoperative diffusion fiber tracking for intraoperative mapping.
Although the intraoperative coordinates during resection are affected by several effects, such as brain shift, this procedure is the only one available in the present conditions. We took into account all the possible limitations, and we considered an area of at least 1 cm 3 for the cortical stimulation point. In this study, the use of IES was able to give an important contribution to quantify the accuracy and precision of preoperative dMRI fiber tracking methods. In particular, using the cortical motor stimulation sites, we were able to evaluate the number of false negatives for diffusion fiber tracking, and using white matter stimulation points, we were able to assess the accuracy and precision of preoperative dMRI fiber tracking to predict the course of motor fiber tracts. The ANNull tracking was also introduced to probe the potential influence of random connections on the probabilistic and deterministic algorithms. We have used these metrics to compare deterministic and probabilistic DTI methods and show that probabilistic DTI has fewer false negatives (better sensitivity) than deterministic DTI fiber tracking in defining the corticospinal tracts (Fig. 2) and more accurate and precise predictions of the white matter course of motor pathways (Fig. 1) . These data also confirm an earlier study that suggested strong predictive power for the white matter course of the pathways that are found. 6 However, herein we demonstrate that both DTI probabilistic and deterministic algorithms have poor overall sensitivity to delineate motor pathways.
Impact on Intraoperative Guidance
To discuss the relevance of our findings, it is necessary to first describe the use of preoperative dMRI fiber tracking. This modality is currently used for preoperative planning of resections and for guiding intraoperative mapping with electrical stimulation. Mapping with IES is laborious and is usually performed by stimulation mapping across a virtual grid of points spaced by 1 cm. The standard of care dictates that when an eloquent structure is stimulated intraoperatively, the resection is halted. With dMRI fiber tracking maps, the neurosurgeon is able to focus on the stimulation mapping, thereby reducing the mapping time and potentially also improving detection of eloquent structures. For this latter purpose, the ability of preoperative dMRI fiber tracking to predict the location of the eloquent tissue is of paramount importance. Various factors potentially contribute to the accuracy and precision of preoperative diffusion fiber tracking to predict the white matter course of at-risk eloquent pathways. These factors are tissue shifts during resection, spread of the electrical stimulation current, and preoperative mapping and registration errors. In particular, tissue shifts and current spread lead to inaccuracies in the intraoperative correspondence between preoperative diffusion fiber tracts and intraoperative stimulation. 5 For deep white matter this is a positive offset of about 9 mm due to current spread, the movement of tissue toward the resection cavity, and the inability of diffusion fiber tracking to estimate the full extent of the fiber tract. However, predicting the locations of positive intraoperative stimulations depends more on the variance or precision of the predicted locations than the absolute accuracy. For example, with zero variance, the surgeon would know that stimulating 9 mm before reaching the predicted fiber tract locations will result in a positive stimulation. Therefore, the variance in the predicted locations will reflect the predictive power of a dMRI method. In the present work we found a mean distance (± SD) of 7.2 ± 3.7 mm with the deterministic DTI and of 6.5 ± 2.9 mm with the probabilistic DTI, suggesting less bias and more precision with the probabilistic method.
There are other important aspects that have to be taken into consideration. First, it has been shown that the localization error of a frameless surgical navigation system is typically less than 1.5 mm. 13, 20 Second, intraoperative electric responses are affected by the current spread, electrical conductivity, and resistance that result in errors in electrical stimulations. The electrical current penetrates tissue around the electrodes, while with the neuronavigation system we are able to visualize only a single point related to the localization of the electrodes. We know from the literature that the range of stimulation in the cortex is approximately 5-10 mm, 15 but we do not know anything about the underlying white matter. Third, resection can often be accompanied by substantial brain shifts. Sometimes, shifting is determined by relief from the space occupancy of the underlying mass, but its consistency, intraoperative swelling, and other factors turn it into an entity whose size, and direction, cannot easily be predicted. In a study using intraoperative MRI and DTI fiber tractography, Nimsky et al. showed a mean white matter tract shifting of 2.7 mm. 28 Intraoperatively acquired images are required for referencing brain shift to any edge or intraaxial point of reference and are possibly entirely sufficient to integrate preoperative fiber tracking analysis into the neuronavigation system. All of these aspects could make the distance between white matter stimulation and the fiber tract difficult to perceive and in this way preserve the white matter bundles from damage.
Fiber tracking, and in particular fiber tracking with DTI, presents several limitations. Errors in the estimation of the fiber tracts can be caused by low SNRs, the selection of the seed ROIs, the choice of the threshold for the anisotropy, the diffusion model (DTI in this case), the fiber tracking algorithm, or the complexity and nature of the fiber architecture, especially the presence of crossing fibers. 6, 10, 25 Moreover, all these aspects became a challenge in the presence of edema and mass effect that affect the diffusion signal.
For neurosurgical planning, the most widely used for the reconstruction of the fibers is deterministic DTI fiber tracking along the principal direction of the tensor. The major limitation of this method is to reconstruct the tract through regions of crossing fibers, resulting in an inaccurate depiction of the motor tract. 5, 21, 25 Motor tracts present a fan-shape configuration at the level of the centrum semiovale. Deterministic DTI is able to distinguish only the principal direction and to depict the fibers traveling to the vertex of the brain lacking of a measure describing confidence or uncertainty of the reconstructed trajectories. More accurate models for estimation of the fibers like QBall and spherical deconvolution could provide an improved solution to this problem. The use of the probabilistic DTI algorithm has been shown here to improved sensitivity and predictive power to determine white matter course of fiber. The results shown here suggest excellent capability for preoperative fiber tracking to predict the white matter course of fiber pathways for the detected tracts; however, there is overall poor sensitivity to detect all the motor pathways with the DTI model.
Conclusions
Diffusion tensor imaging fiber tracking has been shown to have poor sensitivity to delineate the lateral aspects of the corticospinal tract in patients with brain tumors. Using a probabilistic approach provides some limited improvement in sensitivity. There was very good accuracy of DTI streamlines to predict the white matter course of corticospinal tract bundles. For the validation and improvement of fiber tracking algorithms for neurosurgical planning, the use of electrophysiological data and functional image guidance can be very useful, especially under difficult pathological conditions. Understanding the limitations of diffusion fiber tractography methods for preoperative mapping is vital for safe, reliable, and efficient use of this technique and for optimization of the algorithm for surgical applications. 
